Parametric studies of advanced turboprops by Chamis, C. C. et al.
NASA Technical Memorandum 10 1389 
Parametric Studies of 
Advanced Turboprops 
J.G. Maser and D.G. Fertis 
n e  University of Akron 
Akron, Ohio 
and 
R.A. Aiello and C.C. Chamis 
Lewis Research Center 
Cleveland, Ohio 
N89-14465 (hASA-TU-101389)  PARAMETRIC ISIOCIES OF 
ACVANCEL) I U l i E O P F O E S  ( L A S A )  16 p CSCL 20K 
uoclas 
G3/39 0179857 
Prepared for the 
29th Structures, Structural Dynamics and Materials Conference 
cosponsored by the AIAA, ASME, ASCE, AHS, and ACS 
Williamsburg, Virginia, April 18-20, 1988 
https://ntrs.nasa.gov/search.jsp?R=19890005094 2020-03-20T04:26:51+00:00Z
PARAMETRIC STUDIES OF ADVANCED TURBOPROPS 
d 
d 
I 
w 
J.G. Maser and D.G. F e r t i s  
The U n i v e r s i t y  o f  Akron 
Akron, O h i o  44325 
and 
R . A .  A i e l l o  and C.C. Chamis 
N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  
Lewis Research Center  
C leve land ,  O h i o  44135 
SUMMARY 
The e f f e c t s  o f  g e o m e t r i c  v a r i a b l e s  (sweep and t w i s t )  on t h e  s t r u c t u r a l  
per formance o f  advanced tu rboprops  a r e  i n v e s t i g a t e d .  The i n v e s t i g a t i o n  i s  l i m -  
i t e d  t o  a e r o d y n a m i c a l l y  e f f i c i e n t  t u rboprops  u s i n g  an a c c e p t a b l e  des ign  c o n f i g -  
u r a t i o n  as a b a s e l i n e .  
by seven a r r a y  of i n d e p e n d e n t l y  v a r y i n g  sweep and t w i s t  parameters w h i l e  main- 
t a i n i n g  a c c e p t a b l e  aerodynamic e f f i c i e n c y .  The t u r b o p r o p  s t r u c t u r a l  perform- 
ance i s  e v a l u a t e d  i n  terms of  c r i t i c a l  speeds, t i p  d i s p l a c e m e n t s ,  and v i b r a t i o n  
f r e q u e n c i e s  where geomet r ic  n o n l i n e a r i t i e s  a r e  i n c l u d e d .  The r e s u l t s  o b t a i n e d  
a r e  p r e s e n t e d  i n  such a manner as t o  h i g h l i g h t  t h e  e f f e c t s  o f  sweep and t w i s t  
on t h e  s t r u c t u r a l  per formance o f  a e r o d y n a m i c a l l y  e f f i c i e n t  t u rboprop  
c o n f i g u r a t i o n s .  
The b a s e l i n e  c o n f i g u r a t i o n  i s  m o d i f i e d  u s i n g  a seven 
INTRODUCTION 
The p o t e n t i a l  f o r  h i g h  p r o p u l s i v e  e f f i c i e n c y  i n  t h e  Mach 0.7 t o  0.8 speed 
range has renewed t h e  i n t e r e s t  i n  p r o p e l l e r  p r o p u l s i o n  sys tems  i n  r e c e n t  y e a r s .  
Improved m u l t i - b l a d e d  p r o p e l l e r s ,  termed advanced tu rboprops ,  have t h e  po ten-  
t i a l  for reduced f u e l  consumpt ion w h i l e  m a i n t a i n i n g  t h e  per formance l e v e l s  of 
modern t u r b o f a n s .  Advanced tu rboprop  concepts f e a t u r e  t h i n ,  swept and t w i s t e d  
p r o p e l l e r  b lades  o f t e n  w i t h  complex s t r u c t u r a l  p r o p e r t i e s .  Such t u r b o p r o p  
b lades  a r e  t w i s t e d  i n  o r d e r  to  o b t a i n  an e f f i c i e n t  ang le  o f  a t t a c k  a t  a l l  
p o i n t s  a l o n g  t h e  r a d i u s  o f  t h e  b lade .  Fur thermore ,  t h e  sweep a n g l e  produces a 
s i g n i f i c a n t  r e d u c t i o n  i n  n o i s e  and, t h e r e f o r e ,  i s  a d e s i r a b l e  d e s i g n  f e a t u r e .  
T r a d i t i o n a l l y ,  development o f  f e a s i b l e  advanced t u r b o p r o p  b lades  has 
i n v o l v e d  a process  o f  r e p e a t i n g  t r i a l  c o n f i g u r a t i o n s .  S p e c i f i c a l l y ,  a swept 
and t w i s t e d  t u r b o p r o p  b l a d e  would be developed based on 3dvantageous aerody-  
namic c h a r a c t e r i s t i c s  ( i n c l u d i n g  t h e  h i g h  e f f i c i e n c y  and low n o i s e )  and then  
i t  would be c o n s i d e r e d  for s t r u c t u r a l  a n a l y s i s .  However, b lades  of t h i s  t ype  
( t h i n ,  h i g h l y  swept and t w i s t e d )  e x h i b i t  a complex s t a t e  o f  s t r u c t u r a l  response 
under a c e n t r i f u g a l  f o r c e  f i e l d .  O f t e n ,  as a r e s u l t ,  b lades  which were aerody- 
n a m i c a l l y  d e s i r a b l e  w e r e  n o t  s t r u c t u r a l l y  f e a s i b l e .  T h i s  c o n f l i c t  n e c e s s i t a t e d  
t h e  development o f  new b lade  c o n f i g u r a t i o n s  w i t h  t h e  p r e v i o u s  s t r u c t u r a l  l i m i -  
t a t i o n s  k e p t  i n  mind.  However, a r e l a t i v e l y  f e w  number o f  b l a d e  c o n f i g u r a t i o n s  
( l e s s  than  8 )  have been developed and i n v e s t i g a t e d ,  and i t  i s  n o t  known e x a c t l y  
how t h e  s t r u c t u r a l  l i m i t a t i o n s  of each c o n f i g u r a t i o n  may be r e l a t e d .  
The o b j e c t i v e  o f  t h i s  paper 
o r d e r  t o  i n v e s t i g a t e  t h e  e f f e c t s  
response o f  t u r b o p r o p  c o n f i g u r a t  
i s  t o  d e s c r i b e  a s t u d y  which was conducted i n  
o f  sweep and t w i s t  upon t h e  s t r u c t u r a l  
ons w i t h  a c c e p t a b l e  ( w i t h i n  a range)  aerody-  . .  
namic e f f i c i e n c y  under a c e n t r i f u g a l  f o r c e  f i e l d  ( r e f .  1 )  as w i l l  be d e s c r i b e d  
l a t e r .  S p e c i f i c a l l y ,  an e x i s t i n g ,  r e p r e s e n t a t i v e  advanced t u r b o p r o p ,  named 
SR5, was used as a model on which v a r i a t i o n s  o f  sweep and t w i s t  were made. An 
a v a i l a b l e  p r o p r i e t a r y  computer code fo r  aerodynamic p r o p e l l e r  per formance 
a n a l y s i s  was used t o  e s t a b l i s h  an a r r a y  o f  t u r b o p r o p  b l a d e  c o n f i g u r a t i o n s  w i t h  
a c c e p t a b l e  aerodynamic e f f i c i e n c y .  The a r r a y  c o n t a i n s  b lades  w i t h  seven d i f -  
f e r e n t  sweeps and seven d i f f e r e n t  t w i s t s  f o r  a t o t a l  o f  49 combina t ions .  T h i s  
paper i n c l u d e s  summaries of ana lyses  and s i g n i f i c a n t  r e s u  
c u s s i o n s  and d e t a i l s  a r e  p r o v i d e d  i n  r e f e r e n c e  1 .  
TURBOPROP GEOMETRY AND ANALYSIS 
Advanced Turboprop Geometry and D e f i n i t  
A r e p r e s e n t a t i v e  t u r b o p r o p  s tage and p r o p e l l e r  b l a d e  
t s .  E x t e n s i v e  d i s -  
on  s 
( t u r b o p r o p )  w i t h  t h e  . .  . .  
C a r t e s i a n ' c o o r d i n a t e  axes a r e  shown- in  f i g u r e  1 .  The sweep a n g l e  o f  a t u r b o -  
p r o p  i s  d e f i n e d  as t h e  a n g l e  measured from t h e  p l a n e  o f  r o t a t i o n  t o  t h e  t a n g e n t  
o f  t h e  50 p e r c e n t  c h o r d  l i n e  ( f i g .  2 ( a > > .  T h i s  d e f i n i t i o n  may be used t o  spec- 
i f y  t h e  sweep a t  any r a d i u s ,  r ,  where r a d i u s  corresponds t o  t h e  x - a x i s  and i s  
d e f i n e d  as t h e  d i s t a n c e  from t h e  c e n t e r  o f  r o t a t i o n  on t h e  l i n e  formed by t h e  
i n t e r s e c t i o n  o f  t h e  p l a n e  o f  r o t a t i o n  and t h e  p l a n e  o f  f o r w a r d  v e l o c i t y  of t h e  
p r o p e l l e r .  The c h a r a c t e r i s t i c  sweep a n g l e  ass igned t o  a g i v e n  t u r b o p r o p  b l a d e  
i s  d e f i n e d  as t h e  sweep a n g l e  a t  3 / 4  o f  t h e  r a d i u s  from t h e  c e n t e r  o f  r o t a t i o n  
t o  t h e  t i p  o f  t h e  b l a d e ,  314 R. The b l a d e  a i r f o i l  s e c t i o n  i s  shown i n  
f i g u r e  2 ( b > .  
The t w i s t  a n g l e  o f  a p r o p e l l e r  b l a d e  i s  d e f i n e d  as t h e  a n g l e  measured from 
t h e  p l a n e  o f  r o t a t i o n  t o  t h e  c h o r d  l i n e  i n  a p l a n e  normal t o  t h e  p i t c h  change 
a x i s ,  where t h i s  a x i s  cor responds t o  t h e  r a d i a l  l i n e  and x -ax is  ( f i g .  3 ) .  A s  
w i t h  sweep, t h e  t w i s t  a n g l e  d e f i n i t i o n  may be used to  s p e c i f y  t w i s t  a t  any 
r a d i u s ,  r, b u t  t h e  c h a r a c t e r i s t i c  t w i s t  a n g l e  ass igned to  a g i v e n  t u r b o p r o p  
b l a d e  i s  d e f i n e d  as t h e  t w i s t  a t  314 R .  
R e p r e s e n t a t i v e  SR5 Turboprop D e s c r i p t i o n  and A n a l y s i s  Model 
The f i n i t e - e l e m e n t  model o f  t h e  a e r o d y n a m i c a l l y  s c a l e d  SR5 t u r b o p r o p  
b l a d e  used as t h e  b a s e l i n e  f o r  t h e  p a r a m e t r i c  s t u d i e s ,  i s  shown i n  f i g u r e  4. 
The b l a d e  i s  s o l i d  t i t a n i u m  and i s  a p p r o x i m a t e l y  10 i n .  l o n g  w i t h  a t i p  c h o r d  
o f  2 i n . ,  and a maximum c h o r d  a t  t h e  hump o f  3.8 i n .  Th ickness v a r i e s  from 
1 i n .  a t  m idchord  a t  t h e  root to  0.040 i n .  a t  m idchord  a t  t h e  t i p .  The l e a d -  
i n g  edge t h i c k n e s s  v a r i e s  from 0.180 i n .  a t  t h e  root  t o  0.022 i n .  a t  t h e  t i p .  
The t r a i l i n g  edge t h i c k n e s s  v a r i e s  from 0.077 i n .  a t  t h e  root  t o  0.016 i n .  a t  
t h e  t i p .  The SR5 has a c h a r a c t e r i s t i c  t w i s t  a n g l e  o f  66.0" and a c h a r a c t e r i s -  
t i c  sweep a n g l e  o f  30.7" ( t i p  sweep o f  6 3 " ) .  The t o t a l  w e i g h t  of t h e  SR5 i s  
0.719 l b .  T h i s  SR5 b l a d e  was des igned t o  e v a l u a t e  aerodynamic e f f i c i e n c y  i n  
wind t u n n e l  t e s t s .  
The c o o r d i n a t e  system, f o r  SR5 and subsequent t u r b o p r o p  c o n f i g u r a t i o n  v a r -  
i a t i o n s ,  i s  C a r t e s i a n  and d e f i n e d  as shown i n  f i g u r e s  1 and 4 .  The x o r i g i n  
i s  a t  t h e  c e n t e r  o f  t h e  hub and t h e  y o r i g i n  i s  a t  t h e  midchord  of t h e  shank. 
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The finite-element analysis model (fig. 4 )  consists of 423 grid points and 
744 CTRIA3 elements (refs. 2 to 4). For convenience, the midchord is defined 
to be the sixth node in from either the leading or trailing edge on any given 
chord line. All chords are defined in the y-z plane. The sweep at any 
radius was based on the tangent to the line connecting the midchords. This 
midchord definition is not exactly the 50 percent chordline; however, it was 
very close and used consistently in all the turboprop configurations of the 
parametric studies. This finite-element model was used to evaluate the struc- 
tural performance of the propeller (displacements, frequencies, critical 
speeds) including the effects of geometric nonlinearity. The validity for 
using this approach and comparisons with other sources are given in 
reference 5. 
A graphical approach was employed to vary the distributed sweep i n  a rela- 
tively uniform manner. Specifically, the SR5 midchord line was plotted from 
.existing data for the baseline model, and six new midchord lines were con- 
structed in order t o  retain the characteristics of the SR5 while successively 
decreasing the sweep. Sweep increases were not considered because previous 
investigation indicated the SR5's high degree of sweep resulted i n  significant 
differences in tip displacements at relatively low rotational speeds (ref. 5). 
Such displacements are considered to be indicative of the onset of structural 
instability and, as a result, the SR5 was regarded as an upper limit t o  sweep. 
The distributed twist was varied by using a similar approach. 
Turboprop Aerodynamic Performance 
A proprietary computer code based on strip analysis (available at NASA 
Lewis Research Center) was used to evaluate the performance of the turboprops 
(propellers) for a given set of conditions. The output of this code includes 
values such as drag-to-lift ratios, sectional efficiencies, sectional losses, 
and sectional Mach numbers, all given at Gauss stations. In addition, the 
thrust and apparent efficiency of the propeller are provided. 
The apparent efficiency is based on the apparent thrust of a propeller 
operating in a region of reduced velocity due to the presence of a body behind 
it. In brief, efficiency is defined as 
power output - (thrust>(velocity) - -  TV 
power input 2nn(torque> - 2nnQ - r l =  
where: T = thrust; V = forward speed of airplane; n = rotational speed; 
Q = torque. 
The elemental thrust is the force produced by the blade element along the 
line of flight and is determined from elemental lift forces minus elemental 
drag forces taken along this line. The elemental torque is the force produced 
by the blade element resisting rotation multiplied by the radial distance to 
the center of rotation, and i s  determined from the elemental lift plus elemen- 
tal drag taken along the plane of rotation. 
Since aerodynamic performance was evaluated only as a simplified means 
establishing acceptable ranges of aerodynamic efficiency of specific propel 
configurations, detailed theory is beyond the scope of this paper. However 
more detailed theory may be found in references 6 to 8. The array summariz 
of 
er 
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t h e  p a r a m e t r i c  s t u d i e s  performed i s  d e s c r i b e d  i n  t a b l e  1 .  The i n p u t  d a t a  i s  
summarized i n  t a b l e  2 .  
RESULTS AND DISCUSSION 
Aerodynamic Performance 
The aerodynamic performance of each tu rboprop  b lade  was p r i m a r i  l y  eva lu -  
a t e d  as a s i m p l i f i e d  means of  e s t a b l i s h i n g  a c c e p t a b l e  ranges o f  aerodynamic 
e f f i c i e n c y  t o  t h e  range o f  sweep and t w i s t  t o  be i n v e s t i g a t e d .  There fo re ,  t h e  
c r i t e r i o n  used t o  judge the  aerodynamic per formance o f  a g i v e n  p r o p e l l e r  b lade  
was apparent  e f f i c i e n c y .  The b a s i s  used f o r  e s t a b l i s h i n g  ranges on apparent  
e f f i c i e n c y  i s  t h e  d a t a  from a h i g h  speed p r o p e l l e r  per formance Lewis in-house 
wind tunne l  s tudy  shown i n  f i g u r e  5 ( r e f .  9 ) .  A s  can be seen, a t  any Mach 
number, des ign  e f f i c i e n c i e s  v a r y  by a r e l a t i v e l y  smal l  amount (on t h e  o r d e r  o f  
3 p e r c e n t ) .  A s  a r e s u l t ,  i t  was e s t a b l i s h e d  t h a t  r e l a t i v e  drops i n  apparent  
e f f i c i e n c y  o f  3 t o  4 p e r c e n t ,  from any encountered maximum, would make a con- 
f i g u r a t i o n  a e r o d y n a m i c a l l y  unacceptab le .  There fo re ,  based on t h i s  c r i t e r i o n ,  
t h e  49 tu rboprop  c o n f i g u r a t i o n s  d e f i n e d  i n  t a b l e  1 were  e s t a b l i s h e d  as c o n f i g u -  
r a t i o n s  w i t h  a c c e p t a b l e  aerodynamic e f f i c i e n c y .  
I n  a d d i t i o n  t o  e s t a b l i s h i n g  l i m i t s  t o  t h e  c o n f i g u r a t i o n  m a t r i x ,  t h i s  
a n a l y s i s  p r o v i d e d  some mean ing fu l  i n f o r m a t i o n  c o n c e r n i n g  t h e  e f f e c t s  o f  sweep 
and t w i s t  v a r i a t i o n  upon t h e  apparent  e f f i c i e n c i e s  o f  a p r o p e l l e r .  I t  i s  no ted  
t h a t  i n v e s t i g a t i o n  o f  des ign  speed v a r i a t i o n s  f o r  each s p e c i f i c  c o n f i g u r a t i o n  
was beyond the  scope of t h i s  s t u d y  and, as a r e s u l t ,  a l l  o f  t h e  c o n f i g u r a t i o n s  
were  eva lua ted ,  aerodynamical  l y ,  a t  t h e  same r o t a t i o n a l  speed w i t h  accompanying 
changes i n  a i r  speed and r e l a t i v e  Mach number. Both  o f  these changes w e r e  
i n c l u d e d  i n  t h e  e f f i c i e n c y  c a l c u l a t i o n s .  
The e f f e c t s  o f  sweep v a r i a t i o n s  on apparent  e f f i c i e n c i e s  a r e  shown i n  f i g -  
u r e  6 f o r  l i n e s  o f  c o n s t a n t  t w i s t .  F i g u r e  7 shows t h e  e f f e c t s  o f  t w i s t  v a r i a -  
t i o n s  on apparent  e f f i c i e n c i e s  f o r  l i n e s  o f  c o n s t a n t  sweep. Note t h a t  o n l y  t h e  
tu rboprop  49 c o n f i g u r a t i o n s  c o n s i d e r e d  a e r o d y n a m i c a l l y  a c c e p t a b l e  a r e  shown. 
The b lade  c o n f i g u r a t i o n s  c o n s i d e r e d  unacceptab le  had apparent  e f f i c i e n c i e s  of 
78 p e r c e n t  or l e s s .  
From f i g u r e s  6 and 7,  i t  i s  g e n e r a l l y  observed t h a t  t h e  apparent  e f f i c i e n -  
c i e s  a r e  more s e n s i t i v e  t o  t w i s t  v a r i a t i o n s .  S p e c i f i c a l l y ,  f o r  l i n e s  of con- 
s t a n t  sweep, t h e  e f f i c i e n c i e s  pass th rough  a pronounced maximum as t w i s t  
i nc reases .  The maximum g e n e r a l l y  occu rs  i n  a t w i s t  r e g i o n  o f  67" t o  70". On 
t h e  o t h e r  hand, f o r  l i n e s  o f  c o n s t a n t  t w i s t ,  t h e  e f f i c i e n c i e s  a r e  n o t  as smooth 
w i t h  i n c r e a s i n g  sweep. I n  p a r t i c u l a r ,  for t h e  h i g h e r  t w i s t e d  c o n f i g u r a t i o n s ,  
e f f i c i e n c i e s  i n c r e a s e  and then  l e v e l  o f f  w i t h  i n c r e a s i n g  sweep. For t h e  lower  
t w i s t e d  c o n f i g u r a t i o n s ,  e f f i c i e n c i e s  i n c r e a s e  s t e a d i l y  w i t h  i nc reas ' i ng  sweep 
and j u s t  b e g i n  to  l e v e l  o f f  a t  t h e  h i g h e s t  sweep cons ide red .  
i nc reases  i n  sweep a f f e c t  e f f i c i e n c i e s  more for lower  t w i s t e d  c o n f i g u r a t i o n s  
than  f o r  h i g h e r  t w i s t e d  c o n f i g u r a t i o n s .  
t h a t ,  for t h e  aerodynamic a n a l y s i s ,  t h e  sweep and t w i s t  ang les  a r e  d e f i n e d  a t  
Gauss s t a t i o n s .  Thus, t h e  manner i n  which sweep and t w i s t  a r e  v a r i e d  a l o n g  t h e  
r a d i u s  of t h e  b lade  would have s i g n i f i c a n t  e f f e c t s  on t h e  r e s u l t s ;  even i f  t h e  
c h a r a c t e r i s t i c  sweep and t w i s t  va lues  remain  t h e  same. 
T h e r e f o r e ,  
A s  an a s i d e ,  i t  can be p o i n t e d  o u t  
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C r i t i c a l  Speeds 
The c r i t i c a l  speed r e f e r r e d  to, p r e s e n t l y  and i n  f u t u r e  c o n t e x t ,  i s  t h e  
r o t a t i o n a l  speed (rpm) a t  which t h e  geomet r ic  n o n l i n e a r  s o l u t i o n  no  l o n g e r  con- 
verges for t h a t  p a r t i c u l a r  b l a d e  c o n f i g u r a t i o n  because d i a g o n a l  e lements i n  t h e  
g l o b a l  s t i f f n e s s  m a t r i x  become z e r o .  A t  t h i s  p o i n t ,  t e n s i l e  b u c k l i n g  would 
o c c u r  as d e s c r i b e d  i n  r e f e r e n c e  10 where t h e  e f f e c t s  of composi te  m a t e r i a l s  
a r e  a l s o  d iscussed.  Each c o n f i g u r a t i o n  was e v a l u a t e d  i n  l o a d  inc rements  o f  
1000 rpm u n t i l  t h e  c r i t i c a l  speed was f o u n d .  G e n e r a l l y ,  t h e  number o f  i t e r a -  
t i o n s  r e q u i r e d  f o r  convergence range from 3 to  18. 
F i g u r e  8 shows c r i t i c a l  speeds as a f u n c t i o n  o f  sweep fo r  l i n e s  o f  con- 
s t a n t  t w i s t .  These r e s u l t s  a r e  n o t  i n t u i t i v e l y  o b v i o u s  s i n c e  t h e  curves  do n o t  
e x h i b i t  r e l a t i v e l y  smooth t r a n s i t i o n s .  The curves  r e f l e c t ,  i n  p a r t ,  t h e  com- 
p l e x  i n t e r a c t i o n  e f f e c t s  o f  p r o p e l l e r  geometry t h a t  i n f l u e n c e  i t s  n o n l i n e a r  
b e h a v i o r .  These curves  i n d i c a t e  t h e  f o l l o w i n g  genera l  t r e n d s :  ( 1 )  t h e  cr i t i -  
c a l  speed decreases as sweep i n c r e a s e s ,  and ( 2 )  t h e  c r i t i c a l  speed i n c r e a s e s  as 
t w i s t  i n c r e a s e s .  The h i g h e s t  v a l u e s  fo r  c r i t i c a l  speed o c c u r r e d  a t  low sweeps 
and h i g h  t w i s t s ,  w h i l e  t h e  l o w e s t  va lues  o c c u r r e d  a t  h i g h  sweeps and low 
t w i  s t s .  
T i p  Disp lacements 
T i p  d isp lacements  a r e  d e f i n e d  w i t h  r e s p e c t  t o  t h e  midchord  of t h e  b l a d e  
t i p  and a r e  taken a t  t h e  l a s t  rpm a t  which t h e  n o n l i n e a r  s o l u t i o n  converged 
( c r i t i c a l  speed - 1000 rpm).  Three t y p e s  o f  d i s p l a c e m e n t s  a r e  c o n s i d e r e d  
( f i g .  1 ) :  y - t i p  d e f l e c t i o n ,  z - t i p  d e f l e c t i o n ,  and t i p - c h o r d  r o t a t i o n .  The 
y - t i p  d e f l e c t i o n  i s  d e f i n e d  as t h e  d e f l e c t i o n  i n  t h e  p l a n e  o f  t h e  fo rward  
v e l o c i t y  o f  t h e  p r o p e l l e r  (x-y p l a n e  by  c u r r e n t  c o o r d i n a t e  system).  The 
e f f e c t s  o f  sweep fo r  c o n s t a n t  t w i s t  ang les  a r e  shown i n  f i g u r e  9. The z - t i p  
d e f l e c t i o n  i s  d e f i n e d  as t h e  d e f l e c t i o n s  i n  t h e  p l a n e  o f  r o t a t i o n  (x -z  p l a n e  
by  c u r r e n t  c o o r d i n a t e  system).  The e f f e c t s  o f  sweep f o r  c o n s t a n t  t w i s t  a n g l e s  
a r e  shown i n  f i g u r e  10. L a s t l y ,  t h e  t i p - c h o r d  r o t a t i o n  i s  d e f i n e d  as t h e  
change i n  t h e  b l a d e  t i p - c h o r d  t w i s t  a n g l e  i n  a p l a n e  normal t o  t h e  p i t c h  
change a x i s  (y-z  p l a n e  by  c u r r e n t  c o o r d i n a t e  system).  The e f f e c t s  o f  sweep 
for constant twist angle are shown in figure 1 1 .  
The s i g n i f i c a n t  o b s e r v a t i o n  from t h e  r e s u l t s  i n  f i g u r e s  9 t o  1 1 ,  i s  t h a t  
t h e  s t r u c t u r a l  b e h a v i o r  o f  swept,  t w i  s t e d  t u r b o p r o p s  i s  v e r y  complex and 
r e q u i r e s  e q u a l l y  complex s t r u c t u r a l  ana lyses  t o  be e v a l u a t e d .  A consequence 
of t h i s  o b s e r v a t i o n  i s  t h a t  s c a l i n g  o f  e x p e r i m e n t a l  d a t a  w i l l  g e n e r a l l y  r e q u i r e  
c o n s i d e r a b l e  judgment and c a r e .  
V i b r a t i o n  Frequenc ies  
The v i b r a t i o n  f r e q u e n c i e s  i n  t h e  d e s i g n  speed range a r e  i m p o r t a n t  i n  s t a -  
b i l i t y  and l i f e  assessment o f  t h e  b l a d e .  I n  d e s i g n  p r a c t i c e ,  t h e s e  a r e  gener-  
a l l y  e v a l u a t e d  u s i n g  t h e  i n t e r f e r e n c e  o f  v i b r a t i o n  f r e q u e n c i e s  w i t h  ro tor  
e x c i t a t i o n  o r d e r s  (such as one p e r  r e v o l u t i o n  ( l P ) ,  two p e r  r e v o l u t i o n  (2P) ,  
e t c . ) .  F i g u r e  12 i l l u s t r a t e s  t h e  e f f e c t s  o f  v a r y i n g  sweep w i t h  c o n s t a n t  T w i s t  
A ( 7 3 " )  on a f r e q u e n c y  versus  ro to r  speed (Campbel l )  d iagram where t h e  c r i t i c a l  
speeds a r e  a l s o  shown. The f r e q u e n c i e s  i n c r e a s e  as t h e  c r i t i c a l  speed i s  
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approached; however, t h e s e  i n c r e a s e s  a r e  v e r y  s l i g h t .  Fur thermore,  fo r  each 
mode, as sweep i n c r e a s e s  t h e  f r e q u e n c i e s  g e n e r a l l y  decrease,  t h e  e x c e p t i o n  
b e i n g  Sweep E ( 2 6 " )  i n  t h e  t h i r d  mode which has t h e  h i g h e s t  f requency  f o r  t h a t  
mode. 
SUMMARY OF RESULTS 
The summary o f  r e s u l t s  and c o n c l u s i o n s  o f  a p a r a m e t r i c  s tudy  t o  i n v e s t i g a t e  
t h e  s t r u c t u r a l  per formance o f  advanced t u r b o p r o p s  a r e  as fol lows: 
1 .  C r i t i c a l  speeds ( a s  d e f i n e d  p r e v i o u s l y ) ,  f o r  c o n s t a n t  t w i s t s ,  decrease 
as sweep i n c r e a s e s  and, f o r  c o n s t a n t  sweeps, i n c r e a s e  as t w i s t  i n c r e a s e s .  The 
h i g h e s t  va lues  o f  c r i t i c a l  speed o c c u r r e d  f o r  low sweep, h i g h  t w i s t  c o n f i g u r a -  
t i o n s  w h i l e  l o w e s t  v a l u e s  o c c u r r e d  f o r  h i g h  sweep, low t w i s t  c o n f i g u r a t i o n s .  
2 .  The y - t i p  d i s p l a c e m e n t s  o n l y  i n d i c a t e  a s t r a i g h t e n i n g  o f  sweep fo r  
h i g h  sweep, h i g h  t w i s t  b l a d e  c o n f i g u r a t i o n s .  
3 .  Z - t i p  d e f l e c t i o n s  (magn i tude) ,  f o r  c o n s t a n t  t w i s t s ,  decrease as sweep 
i n c r e a s e s  and, for c o n s t a n t  sweeps, decrease as t w i s t  i n c r e a s e s .  The l a r g e s t  
z - t i p  d e f l e c t i o n s  o c c u r r e d  f o r  low sweep, low t w i s t  c o n f i g u r a t i o n s  w h i l e  
s m a l l e r  z - t i p  d e f l e c t i o n s  o c c u r r e d  fo r  h i g h  sweep, h i g h  t w i s t  c o n f i g u r a t i o n s  
4. The t i p - c h o r d  r o t a t i o n s  i n d i c a t e  t h a t  t u r b o p r o p  b lades  w i t h  low t w i s t  
pass from b e i n g  more t w i s t e d  t o  h i g h l y  u n t w i s t e d  as sweep i n c r e a s e s ,  w h i l e  
b l a d e s  w i t h  h i g h  t w i s t  become more t w i s t e d  as sweep i n c r e a s e s .  T ip -chord  r o t a -  
t i o n s  f o r  b l a d e s  w i t h  low sweep become s l i g h t l y  more t w i s t e d  as t w i s t  i n c r e a s e s  
w h i l e  b l a d e s  w i t h  h i g h  sweep have r o t a t i o n s  t h a t  pass d i s t i n c t l y  from b e i n g  
u n t w i s t e d  t o  b e i n g  more t w i s t e d  as t w i s t  i n c r e a s e s .  
5 .  Large sweep v a r i a t i o n s  have more d i v e r s e  o v e r a l l  e f f e c t s  on  c r i t i c a l  
speeds and d isp lacements  t h a n  do l a r g e  t w i s t  v a r i a t i o n .  
6.  C r i t i c a l  speeds a r e  l o w e r  i n  c o n f i g u r a t i o n s  where t i p - c h o r d  r o t a t i o n s  
a r e  s i g n i f i c a n t  ( e i t h e r  more t w i s t  or u n t w i s t )  and h i g h e r  when r o t a t i o n s  a r e  
s m a l l .  
7 .  For b l a d e  c o n f i g u r a t i o n s  w i t h  h i g h  sweep, h i g h  t w i s t ,  d i s p l a c e m e n t s  
a r e  dominated b y  t i p - c h o r d  r o t a t i o n s .  For b l a d e  c o n f i g u r a t i o n s  w i t h  low 
sweep, low t w i s t ,  d i s p l a c e m e n t s  a r e  dominated by  z - t i p  d e f l e c t i o n s .  
8. V i b r a t i o n  f r e q u e n c i e s  a t  0 rpm, c o n s t a n t  t w i s t  decrease w i t h  i n c r e a s -  
i n g  sweep fo r  t h e  f i rs t  f o u r  modes. S i m i l a r l y ,  v i b r a t i o n  f r e q u e n c i e s  fo r  low 
sweep c o n f i g u r a t i o n s  a t  0 rpm, decrease w i t h  i n c r e a s i n g  t w i s t ,  b u t  o n l y  fo r  
first and second modes. 
i n c r e a s e  w i t h  i n c r e a s i n g  t w i s t  f o r  low sweep c o n f i g u r a t i o n s .  For h i g h  sweep 
c o n f i g u r a t i o n s ,  f r e q u e n c i e s  i n c r e a s e  w i t h  i n c r e a s i n g  t w i s t  f o r  t h e  f i r s t  f o u r  
modes . 
For  t h i r d  and f o u r t h  modes v i b r a t i o n  f r e q u e n c i e s  
6 
REFERENCES 
I n c r e a s i n g  Sweep 
sweep 
Label Angle,  
deg 
A 1 4  
B 1 6  
C 20 
0 23 
E 26 
F 29 
G 3 1  1 
1 .  Maser, J.G., "A Parametric Study o f  Highly Swept Advanced Turboprops", 
Proposed NASA Contractor Report. 
I n c r e a s i n g  T w i s t  
t w i s t  
Label Angle ,  
deg 
A 7 3  
B 71  
C 69 
D 68 
E 66 
F 64 I G 62 1 
2. McCormick, C.W., ed., MWNASTRAN User's Manual, MacNeal-Schwendler Corp., 
Los Angeles, CA, 1982. 
I n c r e a s i n g  
t w i s t  
I 
3. Joseph, J.A., ed., MSC/NASTRAN Application Manual, MacNeal-Schwendler 
Corp., Los Angeles, CA, 1981. 
I n c r e a s i n g  sweep 
> 
AA BA CA DA EA FA GA 
AB BB CB OB EB FB GB 
AC BC CC DC EC FC GC 
AD BO CD OD ED FD GD 
AE BE CE DE EE FE GE 
AF B F  CF OF EF FF  GF 
AG BG CG DG EG FG GG 
4. MacNeil, R.H., "The NASTRAN Theoretical Manual," NASA SP-221(01), 1972. 
5. Aiello, R.A. and Chamis, C.C., "Large Displacements and Stability Analysis 
of Nonlinear Propeller Structures," NASA TM-82850, 1982. 
6. Goldstein, S., "On the Vortex Theory of Screw Propellers," Proceedings o f  
the Royal Society of London, Vol. 123A, No. 792, Apr. 1929, pp. 440-465. 
7. Theodorsen, T., Theory of Propellers, McGraw-Hill, New York, 1948. 
8. Dommasch, D.O., Sherby, S.S., and Connolly, T.F., Airplane Aerodynamics, 
4th ed., Pitman, New York, 1967. 
9. Mitchell, G.A., "Lifting Line Strip Analysis Propeller Performance 
Summary," unpublished research data, NASA Lewis Research Center, 
Cleveland, OH, 1981. 
10. Chamis, C.C. and Aiello, R.A., "Tensile Buckling o f  Advanced Turboprops," 
Journal o f  Aircraft, Vol. 20, No. 1 1 ,  Nov. 1983, pp. 907-912. 
7 
TABLE 11. - AERODYNAMIC PROPELLER CHARACTERISTICS 
[Number o f  b lades 10; b lade diameter = 24.1 i n . ;  sp inner  c u t o f f  p o i n t  = 0.212 r / R ;  s h a f t  horsepower = 104.8; 
( a )  Aerodynamic c h a r a c t e r i s t i c s  independent o f  b lade r a d i a l  d is tance 
p r o p e l l e r  r o t a t i o n a l  speed 5709 rpm; a l t i t u d e  = 35 000 f t ;  t r u e  a i rspeed = 461.2 kn (Mach 0.79); 
t ype  o f  a i r f o i l  NACA s e r i e s  16 compressible. ]  
0.4575 
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.lo0 
.894 
Gauss s t a t i o n  
Thi ckness/chord 
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( b )  Aerodynamic c h a r a c t e r i s t i c s  dependent on r a d i a l  d is tance (va lues  correspond t o  Gauss s t a t i o n s )  
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X 
t 
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( b) PROPELLER BLADE (TURBOPROP). 
FIGURE 1. - REPRESENTATIVE TURBOPROP STAGE AND 
PROPELLER (TURBOPROP). 
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